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BACKGROUND OF THE INVENTION 

1 . Field of Invention 

[0003] This invention relates generally to the field of 
semiconductor materials and processing, and more 
particularly, to thin film epitaxy of compound 
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semiconductors at low temperatures, and most particularly, 
to III-V compound semiconductors such as gallium arsenide. 

2 . Description of the Prior Art 

[0004] Numerous organic and inorganic materials behave 
as electrical semiconductors. Among the inorganic 
semiconductors, elemental semiconductors such as silicon 
have formed the basis for much of modern integrated circuit 
technology. However, compound semiconductors comprising 
more than a single chemical species can have interesting 
optical and/or electronic properties not obtainable in 
conventional semiconducting materials such as silicon. In 
particular, gallium arsenide (GaAs) is an example of a 
direct bandgap semiconductor in which, roughly speaking, 
electronic transitions can occur between the top of the 
valence electronic energy band and the bottom of the 
conduction electronic energy band without the necessity for 
a concurrent change in the momentum of the transitioning 
electron(s) . 

[0005] Electronic transitions in direct bandgap 
materials are typically very efficient and, among other 
things, typically give such materials interesting and 
useful optical properties. As a result, GaAs is an 
important material in many optoelectronic applications such 
as light-emitting-diodes, semiconductor- lasers, among 
others . 

[0006] In addition, the electronic structure and 
properties of GaAs offer advantages in terms of the 
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fabrication of high-speed electronic devices. Therefore, 
GaAs also is finding application in the highest-speed 
electronic devices for use in conjunction with high-speed 
computing, high-speed data processing, high frequency 
microwaves, among other applications. 

[0007] GaAs exists in the form of bulk crystals, but can 
also be deposited as high quality thin films by molecular 
beam epitaxy (MBE) , organmetallic vapor phase epitaxy 

(OVPE) , among other deposition techniques. Such deposition 
techniques permit the deposition and formation of GaAs thin 
films but also, and significantly, permit the deposition of 
alloys of GaAs. That is, a thin film of GaAs is deposited 
along with one or more additional components to form a thin 
film compound or alloy. Typical GaAs alloys comprise 
ternary compounds in which a third component is included, 
such as aluminum (forming AlGaAs) , indium (forming InGaAs) 
as well as dilute nitrides GaAsN containing small amounts 
of nitrogen. Ga is typically substituted by aluminum (Al) 
and/or indium (In) while As is typically substituted by 
nitrogen (N) , phosphorous (P) and/or antimony (Sb) resulting 
in a group of III-V compounds or alloys, including ternary 
alloys such as GaAsP, GaAsSb, among others. While 
quaternary alloys (such as InGaAsN, InGaAsP) and even 
quinternary alloys (GalnAsNPb) are known, our primary 
concern herein will be directed towards the ternary alloys 
of III-V compounds. Generally, such ternary alloys derived 
from GaAs are only obtained in thin film depositions, 
adding to the practical interest of thin film GaAs in the 
fabrication of practical electronic and optoelectronic 
devices . 
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[0008] Typically, thin film GaAs is deposited (or grown) 
at temperatures of approximately 500 deg. C to 
approximately 600 deg. C, although many GaAs films are 
grown at a temperature close to approximately 580 deg. C, 
the temperature that is typically sufficient to evaporate 
the top oxide cover layer. Ternary alloys are typically 
grown at different temperatures: AlGaAs typically at a 
higher temperature than GaAs while InGaAs typically at 
lower temperature. Under such conditions, impurities from 
the ambient conditions in the deposition chamber and/or 
residing in the source material (s) typically are included 
in the GaAs film, tending to degrade its properties. For 
example, inclusion of such impurities in the GaAs film 
typically leads to films having a carrier concentration in 
the range of approximately 10 14 to 10 15 carriers/ (cubic 
centimeter-cc) or more. That is, typical GaAs thin films 
are conductive, either n-type conductive or p-type 
conductive depending on the particular impurity. Generally 
such films are n-type conductive since impurities tend to 
be electron-donors, but p-type conductive films are also 
known. Conductive GaAs thin films are disfavored in the 
fabrication of electronic devices, tending to allow 
unwanted and deleterious electronic interaction between 
components and devices intended to be electrically 
isolated. 

[0009] It has been observed that GaAs deposited at low 
temperature (LT-GaAs) can lead to the formation of thin 
films having much improved resistivity. That is, LT-GaAs 
deposited typically in the temperature range from 
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approximately 2 00 deg. C to approximately 4 00 deg. C can 
have carrier concentrations as low as approximately 10 8 to 
10 9 carriers/cc, a factor of about a million improvement 
(increase) in resistivity (or decrease in conductivity) . 
Thus, LT-GaAs would be favored over conventional GaAs films 
as a base on which to fabricate electronic devices, leading 
to much improved device isolation. 

[00010] Note, however, that for films grown near or below 
approximately 300 deg. C, conductivity may be undesirably 
high despite low carrier concentration due to "hopping 
conduction" arising from direct electron hopping from 
defect to defect when a high concentration of defects is 
present. Hopping conduction can be cured to produce a high 
resistivity film by a suitable annealing step, typically 
annealing the film at temperatures around or exceeding 
approximately 4 00 deg. C. 

[00011] In addition to higher resistivity, it has been 
observed that LT-GaAs has a much shorter carrier lifetime 
following optical excitation. That is, electromagnetic 
radiation impinging on GaAs typically causes electronic 
transitions and the creation of mobile carriers of 
electronic charge. LT-GaAs has the advantageous property 
that such carriers disappear (are trapped) within an 
extremely short time, perhaps as short as picoseconds (10~ 12 
sec) or less. Such ultrashort carrier lifetimes are 
advantageously used in very high-speed electronic devices, 
perhaps operating in the range of terahertz (10 12 Hz) . 
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[00012] However, fully utilizing the favorable properties 
of LT-GaAs in practical devices faces several challenges. 
The formation of LT-GaAs is typically not highly 
reproducible. Seemingly minor changes in processing 
conditions can lead to markedly different properties in the 
ultimate film of LT-GaAs. 

[00013] Additionally, use in practical electronic 

devices requires that LT-GaAs survive subsequent processing 
with its properties intact or, at a minimum, with its 
properties altered in predictable and reproducible ways. In 
particular, processing steps used in typical electronic 
device fabrication often occur at temperatures greatly 
exceeding the deposition temperatures of LT-GaAs. Such high 
temperatures often change the physical, chemical and 
electrical properties of LT-GaAs so as to render it 
unsuitable for its intended use. 

[00014] In view of the foregoing, a need exists in the 
art for methods for the production of LT-GaAs in a 
controlled and reproducible manner and for producing forms 
of LT-GaAs capable of surviving high- temperature or other 
processing with favorable properties. The present 
invention relates to methods for doping-assisted control of 
defects in LT-GaAs to achieve these and other objectives, 
and to the forms of LT-GaAs thereby produced. 
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SUMMARY OF THE INVENTION 



[00015] Accordingly and advantageously the present 
invention includes the production of thin film epilayers of 
II I -V and other compounds with acceptor doping wherein the 
acceptor thermally stabilizes the layer as well as other 
advantageous effects. In particular, balanced doping in 
which the acceptor concentration is similar to (but does not 
exceed) the antisite defects in the as-grown material is 
shown to be particularly advantageous in providing thermal 
stability, high resistivity and ultrashort trapping times. 
In particular, MBE growth of LT-GaAs epilayers with balanced 
Be doping is described in detail. The growth conditions 
greatly enhance the materials reproducibility (that is, the 
yield in processed devices) . Such growth techniques can be 
transferred to other III-V materials if the growth 
conditions are accurately reproduced. Materials produced 
herein also demonstrate advantages in reproducibility, 
reliability and radiation hardening 

[00016] These and other advantages are achieved in 
accordance with the present invention as described in detail 
below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[00017] To facilitate understanding, identical reference 
numerals have been used, where possible, to designate 
identical elements that are common to the figures. The 
drawings are not to scale and the relative dimensions of 



various elements in the drawings are depicted schematically 
and not to scale. 

[00018] The techniques of the present invention can 
readily be understood by considering the following detailed 
description in conjunction with the accompanying drawings, 
in which: 

[00019] FIGURE 1 depicts qualitative energy band 
structure of undoped and Be-doped LT-GaAs formed in 
accordance with some embodiments of the invention. 

[00020] FIGURE 2a depicts tetragonal distortion of 
LT-GaAs: Be layers; Ac/c is given for layers grown at 
different temperatures versus the applied Be concentration. 
The Be concentrations necessary to achieve lattice matching 
for the layers grown at 240 deg. C and 275 deg. C are 
estimates . 

[00021] FIGURE 2b depicts annealing behavior of Ac/c for 
the 250 deg. C series of devices with an annealing time of 
30 minutes. 

[00022] FIGURE 3 provides a cross-sectional TEM image of 
three different lattice matched epilayers after annealing 
at 700 deg. C for 30 minutes (proximity) . From left to 
right: 295 deg C, 5*10 18 /cm 3 Be / 250 deg. C, 2*10 19 /cm 3 Be / 
230 deg. C, 6*10 19 /cm 3 Be. 

[00023] FIGURE 4a illustrates the total (open circles) 
and ionized (closed circles) As Ga concentrations in 
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LT-GaAs : Be versus the Be concentration. The as -grown 
layers were grown at 250 deg. C, [As Ga ] = [As Ga °] + [As Ga + ] , 
eventually present doubly charged As Ga ++ are not presented in 
this figure, the reference line gives the total [As Ga ] for 
undoped LT-GaAs. 

[00024] FIGURE 4b illustrates the total (open circles) 
and ionized (closed circles) Asq s concentrations in 

LT-GaAs : Be dependent on the growth temperature. The 
as-grown layers were doped with 5*10 18 /cm 3 Be (dotted line) , 
[As Ga ] = [As Ga °] + [As Ga + ] . The straight line indicates the 
temperature dependence of [AsQ a ] in undoped LT-GaAs. 

[00025] FIGURE 5 illustrates annealing behavior of the 
As Ga concentrations in LT-GaAs :Be, open symbols = [As Ga ] , 
closed symbols = [As Ga + ] , circles: 6*10 19 /cm 3 Be, squares: 
3*10 18 /cm 3 Be. The values for the as-grown layers are shown 
at the respective growth temperatures. For comparison, the 
total [As Ga ] of the undoped reference layers are also given 

(open triangles) . 

[00026] FIGURE 6a illustrates resistivity of as-grown 
LT-GaAs: Be layers dependent on the Be concentration where 
the growth temperature is 250 deg. C. 

[00027] FIGURE 6b illustrates resistivity of as-grown 
LT-GaAs: Be layers dependent on the growth temperature where 
the doping concentration is 5*10 18 /cm 3 . 
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[00028] FIGURE 7 illustrates the annealing behavior of 
the resistivity in different lattice matched LT-GaAs : Be 
layers: open symbols: 3*10 18 /cm 3 Be, circles: 5*10 18 /cm 3 Be, 
squares: 2*10 19 /cm 3 Be, triangles: 6*10 19 /cm 3 Be, thick line: 
undoped ref . 

[00029] FIGURE 8a illustrates time resolved reflectivity 
transients of as-grown LT-GaAs : Be layers for different Be 
doping concentrations: open triangles: 5*10 18 /cm 3 , filled 
circles: 2*10 19 /cm 3 Be, open squares: 6*10 19 /cm 3 Be, filled 
diamonds squares: l*10 20 /cm 3 Be. 

[00030] FIGURE 8b illustrates time resolved reflectivity 
transients of as-grown LT-GaAs :Be for different growth 
temperatures: open triangles: 250 deg. C, filled circles: 
270 deg. C, open squares: 295 deg. C, filled diamonds: 
32 0 deg. C. 

[00031] FIGURE 9 illustrates carrier trapping time versus 
the Be doping concentration for different growth 
temperatures . 

[00032] FIGURE 10a illustrates annealing behavior of the 
carrier trapping time for LT-GaAs : Be layers grown at 
250 deg. C and a Be concentration of 5*10 18 /cm 3 : open 
triangles: as-grown, filled circles: annealed @ 600 deg. C, 
open squares: annealed @ 700 deg. C. 

[00033] FIGURE 10b illustrates annealing behavior of the 
carrier trapping time for LT-GaAs : Be layers grown at 250 
deg. C and a Be concentration of 6*10 19 /cm 3 : open triangles: 
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as-grown, filled circles: annealed @ 600 deg. C, open 
squares: annealed @ 700 deg. C. 

[00034] FIGURE 11 illustrates carrier trapping in As-rich 
GaAs, the solid line presents the fit for a single carrier 
trap, As Ga + as electron hole trap as determined from Eq. 4. 
Open squares: LT-GaAs, filled triangles: LT-GaAs :Be, filled 
circles: neutron irrad. bulk GaAs. 

DETAILED DESCRIPTION OF THE INVENTION 

[00035] After considering the following description, 
those skilled in the art will clearly realize that the 
teachings of the invention can be readily utilized in the 
fabrication of low temperature compound semiconductors, 
particularly, LT-GaAs. To be concrete in our discussion, we 
describe in detail the example of LT-GaAs doped with 
beryllium (Be) . However, it will be apparent to those 
having ordinary skills in the art that similar procedures 
can be used with other compound semiconductors and 
employing dopants other than Be. Specific materials and 
properties are mentioned where appropriate. 

[00036] Since Smith et al . (1988) reported the growth of 
GaAs at low temperatures (T G =200 deg. C) for buffer layer 
applications [1] , the research on highly non-stoichiometric 
GaAs has continuously increased. The interest in low 
temperature (LT) GaAs is focused on two electronic 
properties. First, the material exhibits ultra-fast 
carrier trapping times (< lps) , when grown below 
T G =230 deg. C [2], which can be exploited in 
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opto-electronics or as a carrier trap for radiation 
hardened devices [3,4]. Secondly, after an appropriate 
annealing procedure, LT-GaAs is highly insulating, with 
resistivities above 10 7 Qcm [5,6]. The supersaturation of 
native point defects, mainly As antisites, cause these 
special properties as well as increase the lattice constant 
of as-grown LT-GaAs [7] . Arsenic antisites are sites 
within the material that would normally be occupied by 
gallium in a perfect gallium arsenide crystal, but are 
occupied instead by arsenic, written in shorthand as As Ga - 

[00037] The incorporation of excess As increases with 
decreasing growth temperature and/or increasing As/Ga flux 
ratio [7,8] and also increases with increasing growth rate. 
In the growth temperature range of approximately 2 00 deg. C 
to approximately 250 deg. C and for small excess As fluxes 
(As/Ga flux ratio R greater than about 1.0), the As Ga 
concentration and therewith the lattice mismatch Ac/c 
change drastically with small growth parameter 
variations [8] . Consequently, a precise determination and 
accurate control of the substrate temperature and the As/Ga 
flux ratio are essential for the control of the As Ga 
incorporation which is the key parameter for the 
reproducibility of LT-GaAs epilayers. The crystal quality 
of the highly non-stoichiometric layers is remarkably good: 
extended defects (dislocations, stacking faults, 
precipitates) are generally not found in the as-grown 
material [9] . 

[00038] Upon thermal annealing at temperatures above 
400 deg. C, most of the excess As precipitates to form As 
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clusters and, additionally, out-diffusion of point defects 
occurs [9,10]. The As antisite concentration decreases 
from a maximum of about 10 20 /cm 3 down to about 10 18 /cm 3 [11] 
and, as a consequence, the lattice mismatch to the 
substrate vanishes. The out-diffusion can be detrimental 
to neighboring layers in device structures requiring the 
growth of diffusion barrier layers [12] . Insulation is 
often required for structures deposited on top of the 
LT-GaAs layer. Therefore, an annealing step of LT-GaAs 
during the overgrowth of device layers is a common 
procedure in device processing and aluminum arsenide 
diffusion barrier layers are indispensable. 

[00039] LT-GaAs, grown below T G =230 deg. C, exhibits 
ultrafast carrier lifetimes as measured by optical 
pump-probe transient absorption or reflection [2,13,14]. 
This time response was reported to correlate in as-grown 
material with the concentration of ionized As 
antisites [13] . In undoped LT-GaAs, however, the 
concentration of As Ga + does not exceed 10% of the total 
concentration of As Ga . The dominant native acceptor 
providing the partial compensation of the As Ga double donors 
was found to be the V Ga triple acceptor [8] . The 
incorporation of V Ga (and therefore also the As Ga + 
concentration) cannot be independently controlled but was 
found to be dependent on the growth temperature and the BEP 
ratio in a similar way than the As Ga concentration [8] . 

[00040] The parameters associated with defect control in 
low temperature semiconductors are not well defined. 
Accordingly, it would be highly desirable to provide a 
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technique for doping assisted defect control in 
semiconductor devices grown at low temperatures (or "low 
temperature semiconductors"). In particular, it would be 
highly desirable to provide a technique to increase and 
control the ionization ratio of the As Ga in low temperature 
GaAs . 

[00041] The invention includes growing films of GaAs at a 
temperature between approximately 200 and 400 deg. C. by 
molecular beam epitaxy ( "epilayers " ) . The GaAs is doped 
during growth with Be at a temperature greater than about 
250 deg. C wherein the concentration of Be dopant is 
typically similar or slightly lower than the concentration 
of defects in the native material. Thus, the dopant 
concentration is adjusted according to the growth 
conditions to achieve this relationship. 

[00042] The epilayer growth is performed by molecular 
beam epitaxy (MBE) under As-rich conditions, as is 
typically done in the MBE growth of GaAs. The Ga/As flux 
ratio is chosen high enough such that the experimental 
uncertainty for this flux ratio growth parameter does not 
result in a change of As Ga of more than about 10%. A 
parameter range found to give satisfactory results is a 
beam equivalent pressure (BEP) value between about 2 0 and 
about 40. Note that a flux ratio of 1 corresponds to a BEP 
of about 11. The growth rate is advantageously chosen to be 
greater than about 0.2 micron/hr and less than about 1.8 
micron/hr. (micron=10~ 6 meter) , and the influence of this 
growth rate on the incorporation of native defects needs to 
be taken into account. For example: an LT-GaAs epilayer 
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nominally grown at about 300 deg. C with a BEP ratio about 
20 and a growth rate about 1 micron/hr. will yield an As Ga 
concentration of approximately (1.5 ± 0.2)xl0 18 per cc . With 
poorly controlled growth rates, this value can be (2.5 ± 
1.0)xl0 18 per cc. If doped with Be at a concentration of 
(1.0 ± 0.1) xlO 18 , the resulting epilayer will be 
"balanced." That is, the majority of As Ga defects will be 
singly ionized, but the epilayer remains insulating. The 
dopant concentration should not exceed the native defect 
concentration. Such epilayers exhibit ultrafast time 
response with trapping times around 1 picosecond. 
Furthermore, annealing the material up to about 700 deg. C 
for not more than about 30 minutes does not significantly 
change the material. That is, it is thermally stabilized. 
Although the remaining neutral As Ga tend to form tiny 
precipitates or diffuse out of the epilayer, the ionized 
antisites As Ga + are stable. Consequently, careful control 
of the epilayer growth is important so that most of the As 
antisites can be ionized via p-doping (such as with Be) . 

[00043] Previous work typically formed As + antisites 
largely fortuitously through the introduction of other 
defects and/or impurities, e.g. Ga vacancies. However, it 
is found that the introduction of dopants can 
advantageously produce As + antisites in a controlled and 
reproducible way. In particular, it is found to be 
advantageous that the dopants be introduced in a "balanced" 
amount. "Balanced" is used herein to indicate a 
concentration of dopant up to (but not exceeding) the 
concentration of antisites. For the case of Be doping of 
LT-GaAs, this means that the Be concentration should 
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approach the concentration of As antisites. Thus, 
"Balanced" indicates that the concentration of Be or other 
acceptor dopant is from about 50% up to the concentration 
of the antisite. However, in practice the upper range of 
acceptor concentration is typically limited to around 90% 
to avoid inadvertently exceeding the concentration of 
antisites . 

[00044] As depicted in Fig. 1, Be in LT-GaAs introduces 
an electronic energy level between the valence band and the 
conduction band, in the "midgap" region. Furthermore, the 
Be energy level lies below that of the neutral As antisite, 
making it energetically favorable for the As antisite to 
lose an electron to the Be. Thus, an acceptor such as Be 
that has an energy level in the crystal below that of the 
antisite defect will tend to cause the antisite to lose at 
least one electron. It is expected that this result will 
generally hold for acceptor dopants added to compound 
semiconductors other than LT-GaAs. In particular, 
acceptors such as carbon (C) , magnesium (Mg) , copper (Cu) , 
manganese (Mn) , iron (Fe) , nickel (Ni) and zinc (Zn) have 
been used in addition to Be. Compound semiconductors such 
as GaN, GaP, InGaAs, InGaP, AlGaP, among others, are 
expected to benefit from the introduction of acceptors, 
particularly balanced concentrations of acceptors. 

[00045] The influence of Be-doping on the properties of 
LT-GaAs in terms of the thermal stability, the lattice 
matching to the substrate, the resistivity and the carrier 
trapping time are discussed below. The properties of 
LT-GaAs : Be can be well described by a point defect 
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compensation model employing the doubly donor nature of As Ga 
antisite defects. LT-GaAs :Be is by far more thermally 
stable than undoped LT-GaAs with comparable growth 
parameters in retaining subpicosecond time response. 
Lattice matched As -rich GaAs can be grown and - by choosing 
appropriate growth parameters - even then exhibit ultrafast 
time response because, for higher growth temperatures, a 
smaller Be concentration is sufficient to achieve ultrafast 
trapping times. Ultrafast LT-GaAs : Be can be grown at 
higher growth temperatures than ever obtained before 
(around 300 deg. C) , where the growth parameters are easier 
to control. Also, semi-insulation was achieved in as-grown 
layers with still subpicosecond carrier trapping time. 
Doubly ionized As Ga ++ are assumed to be present in highly 
Be-doped and therefore p-conductive LT-GaAs : Be. In these 
layers, ultrafast carrier trapping times were achieved as 
well, which may account for very effective electron 
trapping of the As Ga ++ . It is deduced from the strain 
compensation behavior, the point defect concentration 
analysis, and the increase in thermal stability for both 
the As Ga and the Be acceptors, that a local correlation or 
even a complex formation between the As Ga and the Be Ga may 
occur in balanced LT-GaAs : Be. 

[00046] The carrier transport in non p-conductive 
LT-GaAs: Be is, similar to undoped LT-GaAs, dominated by 
hopping conduction and therefore dependent on the As Ga 
concentration. First temperature dependent Hall 
measurements show a reduced hopping activation energy for 
the Be-doped layers which is minimal for fully (singly) 
ionized As Ga defects. The effective electron capture cross 
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section for Be-doped LT-GaAs matches with the 
Shockley-Read-Hall analysis of neutron irradiated bulk 
GaAs [29] , while the available data of undoped LT-GaAs with 
comparably low ionization ratio of the As Ga does not fit 
into this analysis. In as-grown and undoped LT-GaAs 
another mechanism like simultaneous electron and hole 
trapping at As Ga + and As G a°/ respectively, field enhanced 
trapping due to the high defect concentration or additional 
hot electron trapping is to be expected. 

[00047] Balanced LT-GaAs :Be offers new prospects for 
device applications. The properties of this new generation 
of non-stoichiometric materials can be designed for special 
applications by controlling all relevant point defect 
concentrations. The neutral and ionized concentrations of 
the dominant As Ga defect can be independently chosen by 
varying the growth temperature, the As/Ga flux ratio and 
the Be doping level. The required thermal stability, the 
lattice matching, the resistivity and the carrier trapping 
time are dependent on the specific application, such as 
insulating and radiation hardened buffer layers, ultrafast 
opto-electronics or saturable absorber mirrors [16] . 
Doping-assisted control of the native point defects makes 
new combinations of materials properties possible in 
low- temperature grown GaAs. 

[00048] Figure 1 is a schematic of the density of states 
diagrams of undoped and Be-doped LT-GaAs. The V Ga defect 
levels are shown as a single level for simplicity. Upon 
Be-doping, the Fermi level drops and the concentration of 
ionized As Ga + matches the Be concentration. For an 
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appropriate Be -doping level dependent on the growth 
temperature, a larger fraction of the As Ga can be ionized 
and then act as fast electron traps. This approach enables 
the growth of ultrafast LT-GaAs at higher growth 
temperatures than 23 0 deg. C. 

[00049] Three beneficial effects were expected: First, 
the control of the growth parameters is easier at higher 
temperatures (see e.g. [8]), which enhances the 
reproducibility of the growth. Secondly, at higher 
temperatures a smaller amount of native point defects is 
incorporated. This leads to less pronounced outdif fusion 
and As precipitate formation, resulting in a more thermally 
stable material. The third advantage is the possibility of 
growing lattice matched layers because the small Be Ga 
acceptors are expected to compensate the strain of the 
large As Ga point defects produce in undoped LT-GaAs. 

Experimental 

[00050] As-rich GaAs layers were grown by molecular beam 
epitaxy using a Varian Gen II MBE system. (100) n + -GaAs 
substrates or undoped semi-insulating (SI) substrates 
(epi-ready VGF-GaAs from AXT) were wire mounted to a 
molybdenum block. The substrate temperature was controlled 
by a thermocouple adjacent to the substrate. The actual 
temperature reading for the low temperature range was 
realized by a precision temperature measurement system 
(Thermionics NW) . The system utilizes the diffuse 
reflectance spectroscopy (DRS) [15] . DRS temperature 
values are given throughout this paper. The As and Ga 
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fluxes were measured with an ion gauge, which can be moved 
into the exact substrate position and gives the beam 
equivalent pressure (BEP) values of both effusion cells. 
During growth, the BEP ratio was monitored with a mass 
spectrometer. Its spectrum was calibrated with the ion 
gauge readings at different growth temperatures. 1.5 pm 
thick LT-GaAs layers were deposited at a growth rate of 
1.0 ym/h. The BEP ratio was kept constant at a value of 20 
(As/Ga flux ratio * 1.7). Different series of samples were 
grown by varying either the growth temperature or the Be 
concentration. The growth parameters for the LT-GaAs 
layers are listed in Table I. 



Table I: Growth parameter, lattice mismatch & carrier 
trapping time for as -grown LT-GaAs 



series 


no. 


substrate 


T G [°C], 
BEP 


[Be] 
[cm" 3 ] 


Ac/c [%] 


CTT 
[ps] 


I 


1 


n + -GaAs 


240, 
20 


0 


0 . 05 


2.6 




2 






7*10 19 


-0 . 011 


1.5 




3 






2 . 8*10 

20 


-0 . 13 


0.7 




4 






5*10 20 


-0 .25 


0.2 


II 


1 


SI-GaAs 


250, 
20 


0 


0.04 


3.6 




2 






5*10 18 


0. 021 


1.4 




3 






2*10 19 


0.00 


0.9 




4 






6*10 19 


-0 . 019 


0.4 
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5 






1*10 20 


-0 . 038 


0.3 


Ill 

XXX 


1 


n + -GaAs 


275 , 
20 


o 


0.016 


5 5 




2 






7*1 n 19 

f X \J 


- 0 024 




IV 


1 


SI-GaAs 


250, 

20 


5*10 18 


0.021 


1.4 




2 




270, 
9 0 




0 .019 


1.6 




3 




295, 




0 


0.95 




4 




320, 
20 




0 


1.0 


V 


1 


SI-GaAs 


295, 
20 
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[00051] All samples were annealed in proximity to a 
sacrificial GaAs wafer at 600 deg. C and 700 deg. C for 
30 minutes in argon ambient to study the thermal stability. 
The structural properties of the as-grown and annealed 
layers were studied by cross-sectional transmission 
electron microscopy (TEM) using a JEOL 4000FX microscope 
operated at 400kV. 

[00052] Be concentrations were measured by secondary ion 
mass spectroscopy (SIMS) . As antisite concentrations were 
obtained by near-infrared absorption (NIRA : [As Ga °] ) and 
magnetic circular dichroism of absorption (MCDA: [As Ga + ] ) 
[7,13] . The lattice mismatch parallel to the growth 
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direction (Ac/c) was measured by x-ray diffraction (XRD) 
using the (004) reflection. A pseudomorphic growth was 
confirmed by determining the lattice mismatch with the 
asymmetric (224) reflection, (Note that the tetragonal 
distortion of the pseudomorphic layers Ac/c is roughly 
twice as large as the actual lattice mismatch Aa/a in a 
relaxed single crystalline layer.) Hall measurements were 
carried out in Van der Pauw geometry. The time resolved 
reflectivity transients were recorded in a pump-probe laser 
pulse experiment. The laser was operated at a wavelength 
of 800 nm, 100 fs short pulses were repeated at a frequency 
of 100 MHz, exciting about 10 18 electrons per pump pulse. 
The recorded data were taken in a time window of about 2 0 
ps, long relaxation times as reported in references [16,17] 
were not observed here. The carrier trapping time was 
determined by an exponential fit on the reflectivity 
transients. The initial decay may contain carrier 
thermalization effects [18] , which could not be observed 
here because of the limited resolution due to the laser 
pulse width. The obtained values in undoped LT-GaAs 
correspond well with earlier data [13,14]. Carrier 
trapping times above 0.2 ps can be reliably resolved. The 
lattice mismatch and the fitted carrier trapping times 
(CTT) of the as-grown epilayers are also given in Table 1. 

[00053] The lattice mismatch of the as-grown samples is 
shown in Figure 2a. Upon Be-doping the (positive) lattice 
mismatch to the substrate decreases. Ac/c becomes negative 
if the Be concentration is high enough, which also depends 
on the growth temperature. Consequently, the Be 
concentration necessary for lattice matching depends on the 
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growth temperature. (The Be concentrations necessary for 
lattice matching at the growth temperatures of 24 0 deg. C 
and 275 deg. C as given in Figure 2a are estimated from the 
calculated sizes of the native point defects.) 
Additionally, very high Be concentrations were obtained in 
As-rich GaAs . While GaAs grown by MBE at the usual growth 
temperature (around 580 deg. C) showed surface roughening 
and a decrease in absolute lattice mismatch for [Be] > 
10 20 /cm 3 [14], in LT-GaAs : Be even the highest Be 
concentration of 5*10 20 /cm 3 did not have any effect on the 
surface roughness as was determined by atomic force 
microscopy (AFM) . A lattice mismatch of -0.25% was 
measured in these layers [14] . Figure 2b shows the change 
in lattice mismatch upon annealing at 600 deg. C for 
LT-GaAs: Be, grown at 250 deg. C. The (positive) lattice 
mismatch in the low-doped layers vanishes as it does in 
undoped LT-GaAs. The layers with high Be-doping show no 
change in the (negative) lattice mismatch upon thermal 
annealing. An increase of the annealing temperature to 700 
deg. C does not change these results. 

[00054] TEM analyses showed that the As precipitate 
formation is suppressed in LT-GaAs : Be as was reported 
before by Melloch et al . [19] . Figure 3 shows a 
cross-sectional TEM image of three different lattice 
matched epilayers after annealing at 700 deg. C. The 
layers were grown at 230 deg. C with 6*10 19 /cm 3 Be, at 
250 deg. C with 2*10 19 /cm 3 Be and at 295 deg. C with 
5*10 18 /cm 3 Be. After 700 deg. C annealing for 30 minutes 
the average size of the As precipitates present in low 
concentrations are 5.3nm, 4 . 3nm and 2.3nm, respectively. 
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SIMS profiles taken before and after different annealing 
steps show no changes in the Be concentration indicating 
that the Be has been substitutionally incorporated in 
LT-GaAs as was reported before [19] . 

[00055] Figure 4 shows the dependence of the antisite 
concentrations on the Be concentration (Fig. 4a) and on the 
growth temperature (Fig. 4b) , the values are also given in 
Table 2 . 



Table 2: Point defect concentrations (in cm" 3 ) and fitted 
lattice mismatch of as-grown layers 



No. 


Ac/c [%] 


[As Ga °] 


[Be] 


[Be Ga ] 


[As Ga + ] 


[As Ga ++ ] 


Fit : 






NIRA 
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Hall 


MCD 


est 


Ac/c 


II.2=IV.l 


0.021 


1.2E19 


5E18 


0 


5 .2E18 


0 


0 . 015 


II. 3 


0.00 


7 . 9E18 


2E19 


0 


1 .4E19 


0 


0 . 006 


II .4 


-0 . 019 


0 


6E19 


6.3E18 


1 . 8E19 


2E19 


-0.017 


II. 5 


-0.038 


0 


1E20 


3 . 0E19 


6 .4E18 


3E19 


-0.039 


IV. 2 


0.019 


1 .3E19 


5E18 


0 


4 .4E18 


0 


0.015 


IV. 3 


0 


0 


5E18 


0 


4 . 0E18 


0 


0 


IV. 4 


0 


0 


5E18 


0 


6 . 0E18 


0 


0 


V. 1 


0 


2.5E18 


3E18 


0 


3 .2E18 


0 


0.003 



[00056] The total antisite concentration [As Ga ] was 
calculated as the sum of the neutral [As Ga °] and the singly 
ionized [As Ga + ] . At present, we have no experimental method 
to determine the concentration of doubly ionized As Ga ++ for 
the highly doped LT-GaAs : Be. Therefore, the "total" 
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antisite concentration is just a lower limit in these 
layers. Upon Be-doping, the ionized antisite concentration 
increases as expected until all antisites are ionized. 
This material containing equal As antisite and Be 
concentrations is near-optimally "balanced" LT-GaAs : Be 
balanced LT-GaAs : Be: [As Ga ] = [As Ga + ] = [Be Ga _ ] = [Be] 
although other concentrations of Be can be used as well. 

[00057] At higher Be concentrations, the singly ionized 
As antisite concentration which is now equal to the "total" 

[As Ga ] decreases. This may be an artifact due to the 
missing doubly charged As antisites, which are likely to be 
present. Fig. 4b includes also the total antisite 
concentration of undoped LT-GaAs for comparison. Here, the 

[As Ga ] of the LT-GaAs: Be did not exceed the As antisite 
concentration of the undoped layers as was reported earlier 

[14]. The ionized As antisite concentration in LT-GaAs : Be 
stays constant at the Be doping level until it matches the 
concentration of the undoped reference layer. 

[00058] The thermal stability of the As antisite defects 
was investigated for selected layers (250 deg. C & 
6*10 19 /cm 3 Be / 295 deg. C & 3*10 18 /cm 3 Be) . Figure 5 gives 
the changes of the As Ga concentrations after 600 deg. C and 
700 deg. C annealing (30 minutes) . After 600 deg. C 
annealing the As antisite concentrations remain almost 
constant in both layers. However, in the higher Be-doped 
layer, the [As Ga ] is significantly reduced after 700 deg. C 
annealing, while the fairly balanced LT-GaAs :Be contains 
stable As antisites. As Ga concentrations of 3*10 18 /cm 3 can 
be thermally stabilized for 30 minutes at temperatures 
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T A =700 deg. C in LT-GaAs :Be, while in undoped LT-GaAs the 
total As Ga concentration always dropped below the detection 
limit already after annealing at 600DC [11] . 

[00059] The resistivity of undoped LT-GaAs is known to 
vary dependent on the growth temperature. LT-GaAs grown at 
low temperatures around 200 deg. C exhibits low resistivity 

(with a corresponding low carrier mobility) due to enhanced 
hopping conduction in the dense As Ga defect bands [20,21], 
while LT-GaAs grown around 350 deg. C is semi-insulating, 
even without annealing treatment due to a midgap pinned 
Fermi level. Because Be-doping changes the energy of the 
Fermi level, the resistivity of the LT-GaAs : Be layers has 
to be dependent on the doping concentration. Figure 6a 
illustrates this dependency, while Fig. 6b shows the growth 
temperature dependence of LT-GaAs: Be with a constant Be 
concentration of 5*10 18 /cm 3 . Upon Be-doping, the 
resistivity decreases, for the highest Be concentrations 
the layers become p-type conductive. The growth 
temperature dependence of the resistivity shows an increase 
with decreasing As Ga concentration (see Fig. 4b) between 270 
deg. C and 2 95 deg. C, indicating the influence of hopping 
conduction. 

[00060] Annealing at 600 deg. C usually increases the 
resistivity, as can be seen in Fig. 7. This tendency is 
also observed in undoped LT-GaAs, as is also shown for an 
undoped reference sample. Annealing at 700 deg. C can lead 
to p-type conductive layers, fairly balanced layers, 
however, remain highly resistive if grown above 240 deg. C. 
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[00061] Figure 8a shows the reflectivity transients of 
the layers grown with different Be concentrations at a 
growth temperature of 250 deg. C. According to initial 
expectations, the carrier trapping time was significantly 
reduced upon Be-doping. Similar results were obtained for 
all growth temperatures, although the reduction in carrier 
trapping time increases with increasing growth temperature. 

[00062] Figure 8b gives the dependence of the 
reflectivity transients on the growth temperature in 
as-grown material with a constant Be concentration of 
5*10 18 /cm 3 . The layers grown at the two highest growth 
temperatures showed a slightly faster time response than 
the layers grown below 2 80 deg. C. 

[00063] Fig. 9 summarizes the obtained time response for 
different growth temperatures and Be concentrations to 
demonstrate the different reduction rate of the time 
response. The data were obtained by an exponential fit of 
the decay of the reflectivity transients. A decrease in 
carrier trapping time (CTT) of more than one order of 
magnitude can be achieved with 7*10 19 /cm 3 Be for T G =275 deg. 
C, whereas for LT-GaAs, grown at T G =240 deg. C, at least 
3*10 20 /cm 3 Be are required to achieve a similar reduction. 

[00064] In Figures 10a and 10b, the changes in the 
time-resolved transients upon thermal annealing are shown. 
Overall, only small changes were observed between the 
transients recorded for as-grown and at 600 deg. C annealed 
layers in contrast to the annealing behavior of the lattice 
mismatch, which is a similar behavior to the one observed 
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in undoped LT-GaAs [13] . Upon thermal annealing at 7 00 
deg. C, however, the carrier trapping times for the low 
doped LT-GaAs layers - as shown in Fig. 10a - decreased 
significantly. The highly doped LT-layers show ultrafast 
time response for all annealing conditions (Fig. 10b) . 

[00065] Be-doping of LT-GaAs is beneficial in several 
respects, as discussed below. 

Lattice mismatch 

[00066] The tetragonal distortion of the LT-layers, Ac/c, 
decreases upon Be-doping. This is to be expected because 
the Be acceptor is much smaller than the host atom Ga (see 
reference curve in Fig. 1) and, therefore, can compensate 
the strain caused by the incorporation of As Ga - The amount 
of strain compensation, however, is much higher than 
expected, assuming an additive strain of the neutral point 
defects as described in Eq. 1. 



L is the number of the Ga sublattice sites (L = 
2 . 2*10 22 /cm 3 ) , the point defect species (pds) are Be Ga ~ and 
As Ga °/ N pds = [As Ga °] and [Be Ga "] and the lattice mismatch unit 
for each point defect is (Ac/c) pds . The lattice mismatch 
unit of the Be acceptors in pseudomorphically grown GaAs 
(T G =600 deg. C) epilayers is (Ac/c) Be = -0.117 ± 0.005 [14], 
the corresponding value for As Ga ° in LT-GaAs is (Ac/c) As{0 ) = 




(Eq. 1) 
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+0.263 ± 0.005 [14]. This transfers according to Vegard's 
law into the bonding radii of the point defects: 

r(Be Ga ) = (0.229 ± 0.002) nm / r(As Ga °) = (0.275 ± 

0.002) nm 

[00067] Consequently, it was expected that more than 
twice as many Be as As Ga were needed to compensate the 
strain in LT-GaAs : Be . However, in all observed layers, 
strain compensation is achieved with similar Be and As Ga 
concentrations. Therefore, it is concluded that the 
combination of ionized donors and acceptors, As Ga + & Be Ga ~, 
do not contribute to the lattice mismatch. The charge 
neutrality in the layer requires that for each ionized As Ga 
defect, one Be acceptor is also ionized because the native 
acceptor, the gallium vacancy V Ga , is not present in 
significant concentrations [22] . For all non-conducting 
layers, the calculated lattice mismatch using Eq. 1 and the 
three point defect species with (Ac/c) pds = + 0 . 117 ± 0.008 for 
the ionized As Ga + is in good agreement with the measured 
Ac/c. 

[00068] Table 2 gives the results of this calculation. 
Also in Fig. 2 the Be concentration necessary for lattice 
matched layers is shown. The corresponding bonding radius 
of the ionized As Ga amounts to r(As Ga + ) = (0.259 ± 0.002) nm. 

[00069] If the Fermi level in LT-GaAs :Be drops below 
midgap and the layers become p-type, another defect must be 
present. The ionized As antisite concentration [As Ga + ] plus 
the hole concentration [p] as determined from Hall 
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measurements do not match the Be doping concentration any 
longer, although SIMS measurements show that the Be is 
still incorporated in the layers (for non-conducting 
layers, the ionized As Ga + concentration matched the applied 
Be-doping concentration within the measuring errors) . Also 
the lattice mismatch as calculated from Eq. 1 does not fit 
with three point defect species. The difference A[Be Ga ] 
from Eq . 2 : 

A[Be Ga ] = [Be] - [p] Ha ii - [As Ga + ] M c D (Eq. 2) 

could be interstitial Be. However, beryllium that is not 
incorporated on substitutional sides is a fast diffuser 
which should be detected in the SIMS profiles of annealed 
LT-GaAs : Be as a significant decrease if compared to SIMS 
profiles of as -grown layers. Such a decrease was never 
observed. If all Be atoms are substituting Ga atoms, the 
difference between the applied doping concentration and the 
sum of [p] Haii and [As Ga + ] MCD has to be compensated by another 
donor because of the layers charge neutrality. One 
possible candidate is the doubly charged As Ga ++ . The double 
donor level As Ga +/++ is located in the band gap at 0.52eV 
above the valence band [23] and therefore it is likely to 
be present in p-conductive layers. However, at present we 
cannot experimentally determine the As Ga ++ concentration 
directly. Assuming As Ga ++ to be present in concentrations 
which account for the above discussed differences in 
charge, its lattice mismatch can be estimated with 
(Ac/c) pds = + 0.07 ± 0.01. 
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[00070] Table 2 gives the different point defect 
concentrations of several LT-GaAs : Be layers (see Table 1 
for the wafer notation) . The calculated [As Ga ++ ] is of 
course just a first approximation. However, if one 
determines the total As Ga concentration out of these numbers 
this value seems to saturate at the total As Ga concentration 
of the undoped LT-GaAs grown with the same growth 
parameters (T G & BEP ratio) for Be concentrations 
approaching similar values. Summarized, the bonding radii 
of the different point defects contributing to the lattice 
mismatch are (with the host atom r(Ga Ga ) = 0.245 nm) : 



As Ga ° : 


(Ac/c) pds 


= +0 


.263 


r = 


0.275 nm 


Be Ga " : 


(Ac/c) pds 


= -0 


. 117 


r = 


0.2 3 nm 


As Ga + : 


(Ac/c) pds 


= +0 


.117 


r = 


0.2 6 nm 


As Ga ++ : 


(Ac/c) pds 


= +0 


.07 


r = 


0.25 nm 



[00071] It is not yet clear if a complex formation 
between the As Ga and the Be Ga/ which was suggested earlier 

[24] is present. If such a complex would lead to a change 
in the absorption signal of the MCD, this complex could 
also correlate to the missing positive charge. Present 
results do not yet allow us to distinguish between these 
alternatives. A complex in the Ga-sublattice is not a new 
concept. The existence of Si Ga -V Ga complexes in Si-doped 
GaAs was recently directly confirmed by STM observations 
with accompanying slow positron annihilation [25] . The 
concentration of the V Ga is far too low to play a role in 
strain compensation of LT-GaAs : Be. Furthermore, it is not 
likely that other impurities in concentrations resulting in 
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lattice distortion are incorporated during the MBE growth, 
which leaves us with the foregoing explanation. 

As Antisite Concentrations 

[00072] The As antisite concentrations show a 
characteristic behavior dependent on the Be -doping level 
and the growth temperature. The As Ga + concentration follows 
the Be doping level until all antisites are singly ionized. 
A decrease of the [As Ga + ] occurs with the onset of p-type 
conductivity (see Fig. 4a) . However, it may be assumed 
that the total antisite concentration stays almost constant 
but some As antisites become doubly charged. The 
concentration of doubly charged antisites is, under this 
assumption, simply the difference between the measured 
concentrations of singly ionized and neutral antisites and 
the total concentration of antisites in the undoped 
LT-GaAs. The sum of ionized antisites with the calculated 
doubly charged fraction counting twice and the free (hole) 
carrier concentration was found to match the Be-doping 
concentration in the few cases we grew p-conductive layers 
(see Table 2) . The transition to p-type conductivity can 
also be expressed by a change in the sign of the lattice 
mismatch as was shown before: P-conductive layers have a 
negative lattice mismatch to the GaAs substrate. It is 
expected that the layers become p-type conductive if the Be 
concentration exceeds the total As Ga concentration of the 
corresponding undoped layer (for 250 deg. C about 
2 . 7*10 19 /cm 3 , see also Fig. 2a). A similar trend is 
observed in Fig. 4b where at the highest growth temperature 
the [As Ga + ] equals the total [As Ga ] and also matches the 
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[As Ga ] of the undoped reference layer. A layer grown at 34 0 
deg. C with a Be concentration of 5*10 18 /cm 3 is 
p-conductive . The change of conductivity also occurs just 
after the concentration of ionized As Ga + reached the As Ga 
concentration of the undoped reference layer. 

[00073] Balanced LT-GaAs : Be layers are the most stable 
upon thermal annealing. Fig. 5 shows that 3*10 18 /cm 3 
ionized As Ga are stable in LT-GaAs : Be grown at 295 deg. C 
even after 700 deg. C, while in the p-conductive layer the 
ionized antisite concentration is reduced below the 
detection limit of the MCD if 700 deg. C annealing is 
applied. This example shows that the ideal (balanced) 
point defect concentration is not necessary to 
significantly improve the thermal stability of LT-GaAs :Be, 
but the point defect concentrations of Be and As Ga have to 
be similar (The thermally stabilized layer of Fig. 5 still 
has a measurable concentration of neutral As antisites) . 
Therefore, the growth can be well controlled with 
reproducible properties of the epilayers. LT-GaAs :Be with 
a low Be concentration and a high neutral [As Ga 0s ] behaves 
similar upon annealing than the undoped LT-GaAs. Only in 
almost balanced LT-GaAs : Be the As Ga + is thermally stable at 
700 deg. C. It is expected that the As Ga + are located in 
close vicinity to the Be Ga " if their respective 
concentrations are similar. 

[00074] A negative lattice mismatch of an LT-GaAs :Be 
layer does not change upon annealing. Additionally, we did 
not observe any change in the Be concentration as measured 
by SIMS. Thus, all concentrations of defects that 
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contribute to this lattice mismatch cannot change 
significantly, which means that the Be acceptors are 
similarly stabilized in LT-GaAs : Be than the As antisites. 
This also supports the hypothesis of a complex formation. 
If doubly charged antisites are present in these layers 
they are at least as thermally stable than the singly 
ionized As Ga + because even after 700 deg. C annealing the 
layers lattice mismatch remained constant. The least 
thermally stable point defect is, similar to the undoped 
LT-GaAs [11] , the neutral (and locally isolated) As Ga °. 
This also means that even the compensating acceptors in 
undoped LT-GaAs, the gallium vacancies V Ga / are more stable 
than the As antisites in undoped LT-GaAs. It was 
repeatedly suggested that the V Ga may form a complex with 
the As Ga which may explain these observations (see for 
example [24] ) . However, up to now none of these defect 
complexes were unambiguously identified and the research in 
this area is still ongoing. 

[00075] The TEM images showed that after annealing at 
700 deg. C, As precipitates are present in LT-GaAs: Be with 
a low [As Ga °] (Fig. 3). The sizes and concentration of the 
precipitates increases with decreasing growth temperature, 
which indicates that As Ga , even if all are ionized, cannot 
be completely stabilized in any concentration for the given 
annealing temperature. However, the stabilized As Ga + 
concentration achieved so far is of great importance for 
several device applications. 

[00076] Generally, the onset of As precipitate formation 
is expected already after annealing at 600 deg. C if 
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neutral antisites are present ( [As Ga °] drops below the 
detection limit of NIRA) but the As clusters may be too 
small to be observed in conventional TEM analysis. 



Resistivity 

[00077] The resistivity in non p-conductive LT-GaAs :Be 
epilayers is sensitively dependent on the As Ga concentration 
and its ionization ratio (K = [As Ga + ] / [As Ga ] , the 
compensation factor) and shows the nearest neighbor 
hopping. Hopping conduction is known to be dominant in 
undoped LT-GaAs grown at low temperatures [20,21]. The 
carrier transport occurs via jumps within a deep level 
defect band. The temperature dependence of nearest 
neighbor hopping conductivity is described by the 
equations 26] : 



CT =(J3 Xex P 



o-3 = cr 0 xex P 

*-/Gv>) 



[k b t, 

( -1.9 



r l/3 



N d x aoJ 



(Eqs. 3) 



[00078] The index 3 is a traditional notation, e 3 is the 
activation energy for hopping conduction, N d is the defect 
concentration in the defect band, which here is equivalent 
to the total As antisite concentration [As Ga ] , (N d " 1/3 ) is the 
mean distance between the defects) and K is the 
compensation factor of the defect band. The localization 
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parameter of the defect wave function a 0 was determined for 
LT-GaAs to a 0 = 0 . 8nm [20]. 

[00079] Temperature dependent Hall measurements showed a 
reduction in the hopping activation energy for Be-doped 
LT-GaAs from 130 meV (undoped LT-GaAs) to 50 meV. e 3 is 
similar for very different compensation ratios, but 
significantly decreases again to a value around 40meV if 
the As Ga ° /+ defect band is completely emptied (K = 1.0). 
This activation energy is probably the hopping activation 
energy of the As Ga +/++ defect band. The pref actor e 3 is 
exponentially dependent on the mean distance between the 
As Ga defects with a fitting parameter a 0 = 0.76nm [27], 
which is in good agreement with the results of Kaminska and 
Weber [20] . The As Ga concentration clearly dominates the 
layers electrical conductivity and a controlled 
incorporation of this defect is essential for the materials 
applicability. A change of the ionization ratio, however, 
had only little effect on the hopping activation energy and 
therewith on the conductivity of Be-doped layers. 

Carrier trapping time (CTT) 

[00080] The knowledge of the As antisite concentrations 
allows one to analyze the carrier trapping times as 
determined from the reflectivity transients. The decrease 
of the CTT with increasing Be concentration (Fig. 9) was 
expected due to the increase in the concentration of 
ionized antisites [As Ga + ] . However, the decrease of the CTT 
with increasing growth temperature for epilayers with a 
constant Be doping concentration (shown in Fig. 8a and 
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Fig. 8b) was quite unexpected. It can only be described by 
the formation of a more effective trapping center, 
additional trapping centers with similar time response or 
due to less interaction with other defects, which might 
increase the effective carrier cross section. The presence 
of an additional trapping center, probably As Ga ++ / is likely 
for the p-conductive layers with the highest doping 
concentrations (Fig. 8a), as discussed above. 

[00081] The change in [As a + ] alone does not account for 
the development of the carrier trapping time with Be-doping 
in as-grown layers. While in undoped LT-GaAs (T G =200 
deg. C) 10 18 /cm 3 As Ga + result in CTT = 0 . 2ps [13] even 
2*10 19 /cm 3 As Ga + in LT-GaAs :Be (T G =250 deg. C, Fig. 7b) still 
give CTT = 0 . 9ps . In both layers additional ionized donors 
(with possibly large carrier capture cross sections) are 
not expected in high concentrations because the Fermi Level 
is still located in the upper defect level As Ga 0/+ . It 
appears that different traps influence the measured carrier 
trapping time in undoped and Be-doped LT-GaAs. According 
to the Shockley-Read-Hall theory, the inverse carrier 
trapping time of a deep carrier trap can be calculated as 
follows : 

1/x = <v th > * N T * a ef f (Eq. 4) 

with: i: carrier trapping time, <v th > : mean thermal 
velocity, N T : concentration of the deep trapping center. 
The mean thermal velocities for electron, light and heavy 
holes in GaAs at T=300K are 1 . 77*10 7 cm/s , 1.76*10 7 cm/s and 
0.68*10 7 cm/s, respectively [28]. Trapping of hot electrons, 
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which is also possible, is not treated here. Also, a 
possible interaction between the traps in the layers with 
the highest defect concentrations was neglected. 

[00082] In a first step, ionized antisite concentrations 
and the corresponding carrier trapping times were collected 
from already published data from as -grown As -rich 
GaAs [13,2 9,14] and plotted in Fig. 11 together with the 
new results of LT-GaAs : Be layers described in this work. 
Assuming two independent carrier traps with one of them 
being the electron trap As Ga + , only the data obtained from 
layers with a high filling factor of the As Ga defect band 
( [As Ga + ] / [As Ga ] ) / namely the Be-doped layers and the neutron 
irradiated bulk GaAs [29] were fitted with the above given 
thermal velocity of electrons and the corresponding ionized 
antisite concentration. The fit-parameter was the 
effective carrier capture cross section of the As Ga + that 
was determined to: 

Oelectron (As Ga + ) = (8.0±0.5) * 10" 15 Cm 2 

[00083] The dashed line in Fig. 11 gives the fitted 
relation. If one considers the fact that the measured 
defect concentrations expand over three orders of magnitude 
the fitted data match astonishingly well with both the 
Be-doped LT-GaAs and the neutron irradiated bulk GaAs. In 
neutron irradiated GaAs the previously derived effective 
electron capture cross section of 8.6*10" 15 cm 2 [29] is 
consequently similar to the fit parameter given here. 
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[00084] On the other hand, undoped LT-GaAs exhibits 
carrier lifetimes which do not fit into the above relation, 
see Fig. 11. Considering the fact that in these layers 
only a few percent of the As Ga defects are ionized, it is 
also possible that hole trapping of the neutral As Ga ° plays 
a role in the observed reflectivity transients. In undoped 
LT-GaAs layers grown at the lowest growth temperatures, 
electron trapping may even be suppressed and the optical 
transients can then be determined by hole trapping (only 1% 
to 2% ionized As antisites) . A corresponding effective 
carrier capture cross section, however, is difficult to 
determine with the Shockley-Read-Hall equation because of 
the extremely high trap concentration of about 10 20 /cm 3 . An 
approximation which is probably already influenced by trap 
interactions which may increase the value gives about 
10" 15 cm 2 for an effective hole capture cross section of the 
neutral As antisite. 

[00085] The estimated hole capture cross section is lower 
but still of the same order of magnitude than the results 
obtained by DLTS [30] . Zaidi et al . determined the hole 
capture cross section o e ff to 5 * 10" 15 /cm 2 . Plastically 
deformed GaAs and annealed LT-GaAs contain dislocations and 
As precipitates, respectively, which may also act as 
carrier traps. Therefore, the determination of a eff in 
plastically deformed GaAs [31] and the hypothesis of 
different carrier traps present in annealed LT-GaAs [18] 
account for different traps and cannot be compared with 
this analysis. The electron capture cross section of EL2 
determined by Mitonneau et al . [32] is about two orders of 
magnitude lower than a e ff , obtained from the neutron 
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irradiated bulk GaAs [29] and the fit given in this work. 
Because in [32] the influence of the prominent deep level 
impurity Cr is still a matter for debate (see, e.g., 
[29,30]), this additional trap might account for a part of 
the large difference. 

[00086] Summarizing, analysis suggests that the dominant 
carrier trapping process in LT-GaAs : Be is electron capture 
at ionized As Ga + while in undoped LT-GaAs another trap, 
possibly the neutral As Ga / may dominate the optical 
transients by hole capture. 

[00087] The annealing behavior of the carrier trapping 
time in low-doped LT-GaAs :Be (Fig. 10a) can be described as 
an initial decrease of neutral antisites As Ga ° (Fig. 5) , 
which do not influence the CTT because of the dominant 
electron trapping at As Ga + which are stable upon annealing 
at 600 deg. C. The decrease in CTT occurs if the [As Ga ] 
becomes smaller than the [Be] and some of the As Ga + become 
doubly charged. (At present, the doubly charged As 
antisite concentration cannot be determined 
experimentally) . This also explains why the high-doped 
LT-GaAs :Be does not show any difference in CTT upon thermal 
annealing (Fig. 10b) , because in these layers As Ga ++ are 
probably already present in the as-grown layers. This 
hypothesis includes the assumption that As Ga ++ is a more 
effective electron trap than the singly charged As Ga + 

(cf. [14], a first estimation for the effective carrier 
capture cross section of As Ga ++ gives (6 ± 2)*10 14 cm 2 ). 
Furthermore, the As Ga ++ , which are the assumed dominant 
carrier capture centers in high-doped LT-GaAs : Be, are 
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stable even after an annealing step of 30 minutes at 
700 deg. C. 

[00088] Those skilled in the art will recognize that the 
techniques of the invention are not limited to GaAs, which 
was merely used for illustrative purposes. The physical 
properties associated with this invention allow one to 
produce highly semi - insulating buffer layers in AlGaAs, 
InGaAs, InAlAs, and InP. 

[00089] Although various embodiments which incorporate the 
teachings of the present invention have been shown and 
described in detail herein, those skilled in the art can 
readily devise many other varied embodiments that still 
incorporate these teachings. 
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